The ability to manipulate and sense biological molecules is important in many life science domains, such as single-molecule biophysics, the development of new drugs and cancer detection. Although the manipulation of biological matter at the nanoscale continues to be a challenge, several types of nanotweezers based on different technologies have recently been demonstrated to address this challenge. In particular, photonic and plasmonic nanotweezers are attracting a strong research effort especially because they are efficient and stable, they offer fast response time, and avoid any direct physical contact with the target object to be trapped, thus preventing its disruption or damage. In this paper, we critically review photonic and plasmonic resonant technologies for biomolecule trapping, manipulation, and sensing at the nanoscale, with a special emphasis on hybrid photonic/plasmonic nanodevices allowing a very strong light-matter interaction. The state-ofthe-art of competing technologies, e.g., electronic, magnetic, acoustic and carbon nanotube-based nanotweezers, and a description of their applications are also included.
Introduction
There is a strong research interest in trapping techniques for the manipulation of matter at the nanoscale with chipscale devices. These techniques have achieved remarkable advantages, such as higher efficiency together with lower energy consumption in comparison with commercial microscope-based optical tweezers. 1 Some devices on the market have demonstrated the ability to trap particles and living matter at the microscale (i.e., bacteria and cells). 2 Trapping sub-micron and nanoscale objects such as nanobeads and DNA strands requires tethering them to larger beads and high values of input power (e.g., P in > 200 mW for dielectric nanobeads and proteins), which can damage the surface properties and the activity of the trapped objects. 3 Research is therefore focused on trapping devices that can overcome these limitations and achieve living matter manipulation with high efficiency and low power levels to enable trapping of nanoparticles smaller than 100 nm, which is essential for life sciences applications. 4, 5 Several techniques have been proposed in the literature for the trapping and manipulation of living matter at the microand nanoscale. 6, 7 Amongst these, optical schemes have demonstrated the highest efficiency in terms of the minimum size of the trapped objects and low energy consumption. [8] [9] [10] 
Non-Optical Trapping Techniques
A number of techniques have already been proposed to trap matter at the micro-and nanoscale such as hydrodynamic, 11, 12 magnetic, 13, 14 acoustic, 15 and dielectrophoretic trapping. 16 In particular, hydrodynamic trapping ( Figure  1a ) exploits fluid mechanical effects to control the particles' motion, enabling sorting and trapping functions. 11, [17] [18] The flow velocity together with physical and geometrical properties of microchannels strongly influences the hydrodynamic forces acting on the target objects. 19, 20 The drawback of hydrodynamic trapping is the minimum size of the particles to be trapped, which is limited to the microscale level ($1 mm). Furthermore, the mechanical action of trapping requires a direct contact of the target object with the trap, which can cause damage to or disruption of biological matter. 21 Several techniques have been proposed to allow noncontact trapping with hydrodynamic forces. In Tanyeri et al., 19 two contra-directional laminar flows are used to create a stagnation point with a null flow, enabling trapping of nanoparticles up to 100 nm for few minutes. However, large displacements of about some microns for the trapped nanoparticles have been observed, which correspond to lower values of trapping stiffness compared to the performance obtained with other techniques, such as the optical approach.
Magnetic fields have also been used to manipulate particles. Magnetic trapping sites can be realized by using a desired spatial distribution of magnetic fields, which depends on the position and the distance between the magnets and the coils. [22] [23] [24] Magnetic beads with functionalized surfaces are typically used to bind target objects. Efficient sorting has been demonstrated, 25 as shown in Figure 1b , as well as manipulation at the nanoscale. However, magnetic trapping at the nanoscale is challenging because large magnetic fields are required to trap very small particles, which induces dangerously high heating effects for biological matter. 26 Dielectrophoretic (DEP) trapping is a further technique used for trapping particles at micro-and nanoscale. The effect is based on the polarizability of particles under the influence of an electric field, thus creating a dipole moment in the presence of an electric field gradient. 27 The DEP force can be positive (pDEP) or negative (nDEP), so enabling trapping or repulsion of particles from the region with the highest value of electric field. 28 This technique has proven to be suitable for the trapping of living matter at the microscale, such as cells or bacteria, because of the requirement of low electric fields to exert a high trapping force without the need for contact with the target object ( Figure 1c ). 29 Manipulation of smaller particles at the nanoscale represents a challenge, however, because very high values of electric field are required for stable traps. Nevertheless, progress in nanofabrication has allowed the realization of narrow gaps of a few nanometers between the electrodes, which corresponds to higher values of electric field without affecting the applied voltage. 30 This performance enables trapping also at the nanoscale, and manipulation of small proteins and viruses have been already demonstrated, allowing detection of a very low concentration of biological matter, such as DNA, up to 5 fM with voltage V 20 V. 31, 32 However, similar performance corresponds to a short trapping time (only a few milliseconds), 31 allowing only the counting of objects at the nanoscale. Longer trapping events (up to several seconds), which are useful for the detection and analysis of the target objects, require higher applied voltage with a risk of damage for biological matter.
Dielectrophoretic trapping has been also achieved by using light-induced dielectrophoresis (LIDEP), for which electrical contacts are created by the illumination of a photoconductor layer. Such optoelectronic tweezers offer manipulation of particles at the microscale with low power, but also with low spatial resolution. 4, 33 Acoustic waves have also been used to trap and manipulate particles and living matter. In particular, piezoelectric substrates have been used to generate acoustic waves with high-pressure gradients between their nodes and 20 (b) magnetic forces for beads' motion in different directions; 25 (c) scheme of the principle of pulsed dielectrophoresis for controlling the motion of dielectric microbeads; 29 (d) microparticles trapping by using a standing acoustic wave generated by a chirped interdigital transducer (IDT). 36 antinodes. 34 Acoustic forces are strongly affected by the frequency of the acoustic wave, and they also depend on the particles' size and the properties of the particles, so allowing efficient sorting of particles with different sizes. 35, 36 The main drawback of acoustic trapping is the minimum size of the particles that can be trapped, with a resolution limited to hundreds of nanometers (trapping of 490 nm polystyrene beads has been demonstrated in Hammarstrom et al. 37 ), unless tethering techniques are being employed 36, 37 (Figure 1d ).
In comparison to these non-optical techniques, optical tweezers overcome most of the limitations mentioned above. Strong optical forces can indeed be achieved with low values of optical input power, which gives stable optical traps to confine particles both at the micro-and the nanoscale. 38 A decrease of heating effects can be achieved compared to magnetic tweezers. Optical traps are contact-free, and labels or tethering is not necessary, 39 unlike mechanical, magnetic, and acoustic trapping. Their high efficiency also makes it possible to achieve stable trapping at the nanoscale, which is the main drawback of most other approaches. 40 Moreover, the optical approach also provides a fast response time. This high performance allows the investigation of small living matter, such as proteins, virions, DNA sections, and viruses, opening a wide scenario in biology, chemistry, and medicine, where optical nanotweezers can be used for applications in genetics, proteomics, and oncology. 41, 42 In the next section, we present a detailed description of optical trapping regimes and trapping forces that can be achieved as a function of the light source and particle properties.
In the Main Parameters of Optical Trapping section we discuss the main parameters of optical trapping to define their efficiency. The state-of-the-art of optical and plasmonic nanotweezers is reviewed in the Photonic and Plasmonic Nanotweezer Configurations section, with a focus on integrated resonant devices and hybrid photonic/plasmonic configurations, and a view towards potential applications.
Optical Trapping Regimes
A number of optical trapping regimes can be defined to study the behavior of optical forces related to volume and properties of target objects. The ray optics approach can be considered for the analysis of optical forces exerted on particles that have a diameter much larger than the wavelength (a ) l). 43 The typically used wavelength for trapping is in the visible or near infrared (NIR) range to reduce heating effects and water absorption, which corresponds to the ray optics regime for particles of a few micrometers. Ray optics is not very accurate for smaller particles (a $ l), where the Lorentz-Mie regime is typically used. 44 At the nanoscale, a < l, (a $ 100 nm), the Rayleigh regime is more suitable and it provides a more accurate basis for studying light-matter interaction. 45, 46 This latter regime is also the most widely used for biological and medical applications, which require the study of target objects at the nanoscale, such as proteins, viruses, small biomolecules, and bacteria, which is the main focus of this review.
Ray Optics Regime
The ray optics regime represents the simplest and most intuitive method to describe the physical effect of optical trapping for large objects, because it is based on the reflection and refraction of rays incident on the object. 47 The early studies of optical trapping in the 1970s exploited this method, because they were related to the trapping and translation of particles at the microscale by using optical lenses with high numerical apertures. 48 The ray optics regime assumes that incident rays change their direction due to reflection and refraction, when they impinge on a bead with a different refractive index than the surrounding medium, as shown in Figure 2 .
Such behavior results in a force on the particle due to the exchange of momentum. This physical effect can be explained by the Fresnel equations, which describe the fraction of reflected and refracted light at the boundaries of the object. The refracted light produces the gradient force that attracts the object into the focus (Figure 2a and b), while the force by reflected rays acts in the opposite direction and pushes the particle away from the focus (Figure 2c ). 38, 49 If the focus of the incident rays corresponds exactly to the center of the spherical particle, the light passes through the object without any resulting force on the object. However, when the incident ray hits the particle offcenter, the emergent rays are refracted, resulting in a momentum transfer from the incident light to the particle (Figure 2a ). The resulting force pushes the particle towards the focus of the laser beam. The magnitude of this force scales as the gradient of the beam profile (hence ''gradient force''), which increases with the numerical aperture of the optical system. 50 The same restoring force can be observed when the object is displaced along the axis of the optical lens, as illustrated in Figure 2b . Otherwise, light reflections provide a force in the direction of light propagation, which pushes the particle away from the trapping site ( Figure 2c ). A stable trapping condition can be achieved if the gradient force acting on the particle is higher than the effect of absorption and scattering force.
A similar behavior is valid for large particles (a > l) because an interaction between the bead and laser beam is necessary to consider the Fresnel equations valid. This would correspond to a linear increase of the force as the particle becomes smaller. However, when the particle's size is only tens of nanometers (a < l), such a condition is no longer valid, because only a small amount of light interacts with the bead, so changing the relationship between the optical force and the object's size, as shown in Figure 3 . This demonstrates the unsuitability of the ray optics regime to study the optical forces on particles at the nanoscale.
Rayleigh Regime
The trapping of particles that are smaller than the wavelength (a < l), is more challenging than the trapping of objects at the microscale, because the optical forces are proportional to the third power of the particle radius at the nanoscale, 51 as shown in Figure 3 . The Rayleigh approximation assumes that the field is constant across the particle, which induces an oscillating dipole in a small dielectric object. 45 The particle then becomes polarized with a dipole moment described by
where E ! is the electric field vector; and a is the particle's polarizability, which quantifies the strength of interaction with the optical field, and is given by
where k is the field wavevector and a 0 is the point-like particle polarizability obtained by the Clausius-Mossotti relation, expressed by
where a is the particle's radius, and e and e m are the relative permittivity of the particle and the surrounding medium, respectively. Therefore, the strength of light-particle interaction is influenced by the dielectric contrast between the target object and the surrounding medium, and by the size of the particle. 1 The analytical model that takes into account the Rayleigh approximation assumes that a certain fraction of photons focused on the nanoparticle are either scattered or absorbed. This interaction provides a momentum transfer to the nanoparticle, which generates the forces F scatt and F abs , and pushes the object in the direction of the optical propagation with a net forward velocity. The scattering Figure 2 . Forces acting on a microparticle described by the ray optics approach. An attracting force results from the refracted rays when the particle is: (a) laterally displaced from the beam waist; or (b) placed behind the light focus. (c) Reflected rays provide an opposing force on the particle in the same direction as light propagation, pushing it away from the trapping site. Figure 3 . Optical stiffness k (directly proportional to the trapping force F and the particle's displacement x (F ¼ kÁx)) as a function of the particle's size, calculated by using three different theoretical approaches: ray optics, Mie theory, and Rayleigh dipole approximation. 49 Figure reproduced force calculated using the Rayleigh approximation for a nanoparticle hit by photons can be expressed by
where I 0 is the incident light intensity, c is the speed of light and e m is the relative permittivity of the surrounding medium. 52 The corresponding absorption force is given by
where Im(a) is the imaginary part of the particle polarizability.
Scattering and absorption forces provide the total force along the propagation direction, which is also called radiation pressure.
In contrast, the gradient force acts on the nanoparticle in the direction perpendicular to the propagation direction and is given by 52
The optical force on particles at the nanoscale is a function of the third power of the radius of the bead from a few nanometers to a couple of hundred nanometers. However, such behavior is not valid for larger objects because the approximation of the object like a dipole with a constant field across the bead is not preserved, as shown in Figure 3 .
The gradient force is maximized in regions with a strong decay of the optical intensity. From Eq. 3, it is clear that the polarizability a is positive for a simple dielectric particle with a refractive index higher than the value of the surrounding medium; the nanoparticle can be pulled to the region with the maximum rI 0 . If the particle has a refractive index lower than the medium, it will be pushed away from that region, according to Eq. 6. 53 The gradient force is also proportional to the polarizability a of the Rayleigh particle. Higher values of a of about one order of magnitude have been estimated for metal nanoparticles in comparison with dielectric particles (i.e., silica or polystyrene), which corresponds to a stronger trapping efficiency for metal beads. However, this stronger trapping efficiency only applies for small particles, as the scattering force increases faster with particle radius than the gradient force. In the Rayleigh regime, while the gradient force increases as a 3 (Eq. 3 and Eq. 6) for small particles (a < l), it increases with a weaker dependence ($a 2 ) for the particle's size when compared to the wavelength. 45 Furthermore, the ratio F grad /F scatt is proportional to 1/ a 3 , because F grad and F scatt are proportional to a and a 2 , respectively (Eqs. 4 and 6), which should correspond to an improvement of the trapping effect as the particle size decreases. However, the decrease of F grad for very small particles corresponds to a considerably weaker attraction of the bead, while the effect of Brownian motion, which opposes the trapping force, becomes more effective (as clearly described in the next sections), confirming a net worsening of the trapping efficiency as the particle size strongly decreases.
Lorenz-Mie Regime
Rayleigh approximation and ray optics are not valid for particle sizes of the same order as the wavelength. A more rigorous analytical model is necessary to estimate the force exerted on particles with a size a $ l. The Lorenz-Mie theory is the most accurate approach to calculate the optical force on such objects. 54 This method describes the scattering of a plane wave by a particle, and the value of the net force is calculated through the decomposition of the trapping field in plane waves. Unlike ray optics, this method assumes coherent trapping light and also takes into account the object's shape, unlike the Rayleigh approximation.
The evaluation of the optical forces by using Lorenz-Mie theory is computationally demanding, particularly for nonspherical particles. Several methods have been proposed to simplify the evaluation of optical forces, e.g., the T-matrix formalism. 55 However, Lorenz-Mie theory is limited to the description of optical forces obtained with plane-wave illumination, which is not really viable for optical tweezers, and particularly for strongly focused beams as typically required for trapping at the nanoscale.
The generalized Lorentz-Mie theory (GLMT) was introduced to overcome such a limitation, enabling the calculation of optical forces with any arbitrary illumination and object shape. Such theory also allows the calculation of accurate values for optical forces in the Rayleigh regime. 44 The GLMT can be used to evaluate the incident light field E 0 , the scattered wave E s , and the field within the object to trap E i , which are functions of the incident field's coefficients, scattering and interior fields, respectively, which depend on the properties of the beam and on the size and composition of the object. A detailed description of this complex analytical method has been proposed in Gouesbet et al. 44 The electric field components are used to define the radiation trapping efficiency Q, as discussed in Lock 56 and therefore, the trapping force F
where c is the speed of light in vacuum, n medium is the refractive index of the medium, and P is the beam power. 56 A good agreement between the values of the optical forces estimated experimentally and the results obtained by the Lorenz-Mie regime has also been observed for particles with a < l, and with larger particles with a $ w 0 (where w 0 is the beam waist) for the transversal components along the y-and z-axes. In contrast, a nonnegligible mismatch is obtained for optical forces in the axial direction x for particles where a $ 0.4 w 0 , because the electromagnetic field is no longer uniform across the particle, as assumed by Rayleigh theory. 57 The GLMT is the most accurate technique because it allows the accurate calculation of the values of optical forces for a large variety of objects with any shape, but it is computationally demanding. Therefore, easier analytical methods like the Rayleigh approximation and ray optics are largely used, as a function of the particle shape, when GLMT is not required to calculate the optical force.
Maxwell Stress Tensor Method
Numerical techniques are also used to calculate optical forces for complicated systems and with particular geometries of the target object and trapping site, when analytical approaches (i.e., GLMT methods) are not available or demand too much power or time.
The Maxwell stress tensor (MST) method is a general numerical method used to calculate optical forces on arbitrary particles and for any type of light source. 58 The force typically depends on the properties of both laser and target object. This model defines the time average force F h i on a particle as
where n is the outgoing vector normal to the surface S of the particle and T $ is the Maxwell stress tensor, which can be expressed by
where m 0 and m are the magnetic susceptibility of vacuum and the surrounding medium, respectively, E and H are the electric and magnetic field vectors, and I $ is the unit matrix tensor. 58 The components of the electric and magnetic field can be calculated analytically in particular conditions (i.e., by applying the GLMT method) or generally by numerical methods, such as the finite element method (FEM) and the finite difference time domain (FDTD). A knowledge of the distribution of the E and H fields at the surface S of the target object allows the evaluation of the optical force on the target object.
A good agreement between values for optical forces calculated with the numerical method MST and those obtained using the most general analytical approach GLMT has been evaluated for several case studies. 59 
Main Parameters of Optical Trapping
A trapping event occurs if the gradient force exceeds the scattering and absorption components, so pulling the target object to the equilibrium point in the focal region. A net balance of forces is obtained at the equilibrium point, while a restoring force arises if the particle is displaced from its stable position, which is proportional to the offset from the equilibrium point and is therefore enhanced as the distance increases, due to the gradient of the optical intensity, until reaching a maximum. 60 Then, a rapid decrease of the restoring effect occurs for large distances from the equilibrium point, because of the weak energy gradient far from the beam focus. This behavior is very similar to what is observed in a harmonic oscillator, with the optical force acting as a spring force and given by Hooke's law 40
where k is the optical stiffness and x represents the particle's displacement from the equilibrium point. The value of the trap stiffness is calculated along the three coordinates, assuming the lowest value as the reference to define the limit of the optical trap. The stiffness gives information about the trapping efficiency. 61 Assuming a value of the trapping force F trap , a high value for the optical stiffness corresponds to small fluctuations of the particle around the equilibrium point, as required for a stable trapping condition, according to Eq. 10. The Langevin equation describes the motion of the particle under the effect of the optical force 62,63
where the third term represents the optical trap's influence, k is the trapping stiffness, g 0 is the friction coefficient (¼6pZa, where a is the particle's size and Z is the viscosity), T is the temperature, and k B the Boltzmann constant, while W(t) denotes the stochastic process of the target object as a function of time. The term 2k B Tg 0 is related to the random Gaussian noise and includes the Brownian forces acting on the particle. The target object can be assumed to be an over-damped system with short oscillation frequencies, due to the presence of the fluid medium. 63 The viscosity effect is dominant because the particles are usually in a laminar flow, which corresponds to low values of Reynolds number. The laminar flow condition is necessary to reduce the effect of Brownian motion on the target object as it makes it easier to trap particles. 60 Turbulence becomes more relevant with a decrease of the particle size, making it more difficult to achieve stable trapping.
The motion of the particle in a microfluidic channel can be described by Stokes' drag equation, which corresponds to a propulsion force in the same direction of the fluid flow
where n is the particle velocity. 52 The Langevin equation takes the effect of Brownian motion into account for a rigorous description of forces affecting the velocity and trajectory of the particle's motion. The Brownian motion is a diffusion process that is governed by the Stokes-Einstein's diffusion coefficient D, given by 64
The diffusion coefficient is inversely proportional to the particle size, which means that the Brownian motion is more relevant in the Rayleigh regime. Therefore, the nanobeads move faster around the equilibrium point, so reducing the trapping efficiency. 65 This confirms the difficulty of trapping small particles even if F grad /F scatt increases as the bead's size decreases (as described in the section Rayleigh regime). In fact, a worsening of three orders of magnitude of the gradient force is obtained with a decrease of a factor 10 of the particle's size. At the same time, an increase of the diffusion coefficient and, therefore, of the effect of the Brownian motion, is also obtained, which becomes comparable or even stronger than the attracting force, with a relevant decrease of the trapping.
A stronger trapping stiffness reduces particle fluctuations around the equilibrium point, enabling higher control on its positioning, according to the equipartition theorem
where x 2 is the particle's mean squared displacement from the equilibrium point. This consideration leads to the optical stability, which is defined as
The optical stability describes the ratio between the work necessary to carry the particle from a free position to the equilibrium point r 0 and the thermal energy: r is the spatial coordinate and F tot is the sum of all optical forces. The radiation force is opposite to the gradient force, so it is necessary that the latter is dominant on the absorption and scattering contributions to optimize F tot and enhance the optical stability. 66 An increase of stability corresponds to longer trapping time, because of the Kramers' escape rate 45, 67 
where U (¼ R 1 r 0 F tot dr) is the trap potential depth. Several applications require long trapping times to provide the detection and the manipulation of the target object. Therefore, it is necessary that the potential depth U be higher than the thermal energy to trap the target particle. Here S ! 10 is typically assumed as the stable trapping condition, where the bead is trapped while the laser is kept on. The bead is released when the laser is switched off. 59 Higher values of the trapping potential depth are given by an increase of the trapping force, which is proportional to the particle polarizability a and the gradient intensity rI 0 . 52 The polarizability is a fixed value for a given target object and surrounding medium, as confirmed by Eq. 2 and Eq. 3. Therefore, it is necessary to act on the gradient intensity rI 0 to improve the trapping stability. Higher values of incident power do not provide an improvement of trapping efficiency. In fact, even if higher values of optical forces are exerted on the particle, an increase of the undesired thermal effects also occurs, 68 according to
where T is the temperature, k T is the thermal conductivity, o is the angular frequency, e the relative permittivity and E the electric field. The term jEj 2 is directly proportional to the input power, therefore higher values of input power correspond to an increase in temperature, but without any improvement of both the gradient force and the trapping potential depth, as confirmed by Eq. 6 and Eq. 15, together with a higher risk of photodamage to biological matter. 69 
Photonic and Plasmonic Nanotweezer Configurations
Free-space optical tweezers based on microscopes are typically used to trap living matter at the microscale such as cells and bacteria, 70 but their fundamental drawback is the attainable resolution, which is typically of the order of the wavelength of light given by the diffraction limit of d min ¼ 1.2l/NA, where NA is the numerical aperture, which makes it difficult to trap objects at the nanoscale. 63 Nevertheless, trapping of dielectric particles with a size a of about 100 nm, or even smaller metal beads, has been successfully demonstrated with free-space optical tweezers. 71 In order to achieve the required forces, very high input optical power was required, which leads to significant heating effects and represents an important limitation for these devices, 72 particularly for the trapping of living matter.
Different strategies have been proposed to afford trapping at the nanoscale with bulk optical tweezers, 73 such as oil-immersed optical lenses, to provide higher values of NA, 74 or by including other optical components in the trapping setup, such as galvanometer-mounted mirrors; acousto-optical deflectors; spatial light modulators (SLMs); holographic techniques to obtain unusual optical beams, such as Laguerre-Gaussian modes and Bessel modes with a circular symmetry or Airy beams; 75 or diffractive or polarizing elements, which give higher control and allow the manipulation of optical beams. 76 Unfortunately, all of these techniques have disadvantages. For example, oil-immersed lenses, which provide an NA up to 1.7, 77 are typically affected by optical aberration, 78 while optical tweezers controlled by SLMs are characterized by a low response time, 79 and holographic techniques are difficult to implement, due to the complexity of the experimental setup. 80 All of these solutions are also quite bulky.
Can nanophotonics offer an alternative solution? Recently, integrated optical devices exploiting near-field optical trapping have been shown to overcome the limitations of conventional optical tweezers. 1 Such near-field devices provide a higher electromagnetic energy gradient, because the field exponentially decays from the surface where the light is confined. The rapid exponential decay generates a strong trapping force and enables manipulation at the nanoscale. Stable trapping conditions have been obtained for the manipulation of dielectric nanoparticles, making such devices very useful for several applications in medicine and biology. 5, 81 Integrated optical devices used for trapping at the nanoscale are known as nanotweezers or optical traps. A detailed analysis of the state-of-the-art of different configurations of optical nanotweezers is provided in the next subsections.
Optical Waveguides and Nanowires
Optical waveguides are used to overcome the diffraction limit of bulk optical tweezers, thereby enabling trapping and propulsion of microparticles up to the nanoscale range. 82 The optical gradient around the waveguide provides radiation pressure on the particles and propels them along the waveguide surface. 83 The first waveguides demonstrated as optical tweezers were able to control the motion of metal nanoparticles smaller than 1 mm 84 up to a size of 50 nm 85 and micrometer-size dielectric particles and living matter, such as red blood cells and bacteria 86, 87 (Figure 4a ). The optical gradient in these configurations is limited because only a small fraction of evanescent field interacts directly with the object due to the strong confinement of light in the waveguide core. Therefore, it is very difficult to obtain a further decrease of the particle size that can be trapped. An improvement of optical tweezers based on waveguides was provided by the addition of fluidics, because of the tighter control over the particle movement, which facilitates particle flow very close to the surface of the waveguide and, therefore, maximizes their interaction with the evanescent field. Moreover, the fabrication of valves, micropumps, and mixers in the microchannels has enabled the integration of several optical tweezers on a single chip, which is very useful for simultaneous analysis and corresponding sensing applications in chemical, biological, and medical environments. [88] [89] [90] The configuration of a loop waveguide has also been demonstrated for the purpose of trapping microparticles, as shown in Figure 4b , and not limiting their flow along the surface. 91 The folding of the waveguides to create a narrow slot provides a strong energy confinement able to stably trap dielectric microparticles down to 1 mm.
A remarkable enhancement of trapping efficiency has been obtained by using optical nanowires, enabling the trapping of dielectric nanoparticles (i.e., polystyrene or glass particles of about 400 nm) and metallic beads with size a < 100 nm. 83 Nanowires provide a higher contribution of evanescent field, due to their smaller area, which corresponds to a stronger optical gradient. Recently, these configurations have been used to simplify particle detection and their analysis. Kong et al. 83 introduced a new nanophotonic approach combining near-field optical trapping and surface-enhanced Raman spectroscopy (SERS) to detect single metallic nanoparticles, exploiting both the strong energy confinement in the nanowire and higher scattering from the metal beads (Figure 4c ). A similar configuration has been demonstrated by Schein et al., 92 who exploit the near-field light scattering technique for the analysis of nanoparticle-surface interactions, making it possible to manipulate 50 nm size Au nanoparticles.
Soltani et al. 93 proposed a platform with a nanophotonic standing wave array trap (nSWAT) for the trapping of dielectric particles at the nanoscale, and particularly for the 3D confinement of DNA strands. The device includes a waveguide split into two arms with the formation of an array of periodically spaced traps, given by the interference of two-counter propagating waves. However, trapping of DNA has been demonstrated only with tethering to larger polystyrene beads. Slotted waveguides have been shown to increase the trapping efficiency of the integrated optical waveguides, due to the presence of a narrow gap in which a strong energy confinement is provided resulting in the light-matter interaction increasing significantly. 94, 95 Trapping of 48 kb long l-DNA biomolecules of a few nanometers tagged with the green fluorescent dye YOYO-1 has been demonstrated by using sub-100 nm slotted waveguides by Yang et al. 96 as shown in Figure 5a . An input power of 250 mW has provided stable trapping, but such high power requires a short trapping time to limit damage in the DNA structures.
An efficient sorting of nanoparticles by using slotted waveguides has also been achieved 97 with an efficient spatial separation between polystyrene particles of 320 nm and 2 mm size, by using a 3 dB splitter with a slotted waveguide in only one arm. Smaller particles are propelled along the slot, while larger ones can follow the waveguide direction. This performance is very promising for medical and biological diagnostics to enable passive sorting before analysis of the target (Figure 5b ).
Optical Dielectric Resonators
Integrated optical resonators provide high spectral and spatial energy confinement, due to high values of Q-factor and low mode volume, which corresponds to high values of the Q/V ratio. A similar behavior enables strong light-matter interaction, because high energy values are typically obtained in a sub-wavelength region, so providing remarkable optical gradients with a strong enhancement of optical forces, compared to the performance of non-resonant optical devices. In fact, these devices enable trapping of dielectric nanoparticles with low values of optical input power, unlike slotted optical waveguides, so providing manipulation at the nanoscale together with a long trapping time, which simplifies target detection and manipulation. 98, 99 Micro-ring resonators were the first configuration of resonant cavities used for optical trapping, due to their ease of manufacturing and integration. At resonance, light couples from the bus waveguide to the micro-ring and constructively interferes with light already circulating in the resonator, enhancing the evanescent field and obtaining a longer interaction time between light and matter, which makes micro-ring resonators very suitable for biosensing and chemical sensing, and for optical trapping applications. 100, 101 Integrated micro-ring resonators provide Q/V > 10 5 (l/ n) À3 with a footprint A < 0.1 mm 2 , which corresponds to high values of the optical gradient field at resonance. Therefore, this configuration has been used to achieve efficient particle sorting with a straight propagation of particles along the bus in OFF-resonance and their transport in the round pattern in ON-resonance. 102 Manipulation of the polystyrene particles' motion of a few micrometers has been demonstrated in Cai and Poon 103 and also in Lin et al. 104 (Figure 6 ), where SOI technology has been used to obtain a strong optical gradient, thus allowing manipulation with high stability and a lower optical input power of up to P in ¼ 5 mW.
Trapping of sub-micrometer dielectric particles has been demonstrated with different configurations of whispering gallery mode (WGM) resonators, such as microdisks and microspheres, but at the expense of a larger footprint and manufacturing complexity. 105, 106 Even higher trapping efficiency has been demonstrated with photonic crystal (PhC) cavities, exploiting their remarkable enhancement of the Q/V figure of merit. This advantage justifies the widespread use of such cavities in several applications, such as biosensing and chemical sensing, [107] [108] [109] [110] optical communication systems 111 and, obviously, optical trapping. 52 Different configurations of PhC cavities have been proposed to trap and manipulate particles at the micro-and nanoscale with low values of input power. Scullion et al. 112 have shown a photonic crystal waveguide, and have exploited slow light to enhance light-matter interaction aiming at manipulating sub-micrometer dielectric particles (<500 nm) with low power requirements (P in ¼ 2.5 mW) ( Figure 7a ). Leest et al. 113 have demonstrated trapping of Escherichia coli bacteria with an input power of only P in ¼ 1 mW, which is at least one order of magnitude lower than the values required for trapping with optical waveguides, so avoiding any photodamage or heating effects that could disrupt the biomolecules.
Two-dimensional PhC devices with a cavity realized by an enlarged hole as proposed by Descharmes et al. 114 have shown high optical forces able to trap particle at the nanoscale (a < 500 nm) with sub-mW input power (P in ¼ 360 mW), as shown in Figure 7b .
Even higher performance has been obtained by introducing a slot in the PhC cavity to enhance the energy confinement in a sub-micrometer region. 115 Metal particles of only 24 nm with P in ¼ 750 mW can be trapped, which corresponds to a decrease of about three orders of magnitude compared to the results obtained in Ng et al. 85 with an optical waveguide for Au nanoparticles of the same size.
A strong decrease of the mode volume is typically obtained by using 1D PhC microcavities consisting of a single row of holes in a photonic wire. Such a reduced volume, together with high values of the Q-factor, determines a significant enhancement of light-matter interaction. Zain et al. 116 have experimentally obtained Q-factors exceeding 10 5 , and theoretical values up to Q $ 10 9 are expected. 117 Moreover, a mode volume of V $ 10 À1 (l/ n) 3 is typically obtained, which is almost one order of magnitude lower than values obtained using 2D PhCs. A figure of merit Q/V $ 10 7 (l/n) À3 has been achieved, 118 which is comparable with the 2D PhC performance, but with the advantage of stronger energy confinement, together with higher optical gradients, which improves the suitability of such devices to be used as optical nanotweezers.
Trapping of polystyrene nanoparticles smaller than 100 nm and down to 50 nm has been verified with a typical 1D PhC cavity in Mandal et al. 119 (Figure 8a) . Low values of input power P in ¼ 1.7 mW, have been considered, which correspond to a decrease of the size of the smallest detectable beads by a factor of about two and a more compact device footprint ($10 mm 2 ), in comparison with the performance obtained with a microdonut resonator.
Chen et al. proposed a 1D PhC cavity with a smaller nanohole that acts as an inner cavity with a stronger energy confinement in the fluid where particles flow, 120 as shown in Figure 8b , thus enhancing light-matter interactions. Higher values of optical stability (S ¼ 12) and trapping stiffness have been calculated with respect to other PhC cavities, and a stable trapping of Wilson disease proteins 120 and polystyrene nanoparticles down to 22 nm with P in ¼ 10 mW has been shown with a negligible temperature enhancement (ÁT $ 0.3 K), due to the much lower absorption of these dielectric particles compared to metal nanoparticles.
Similar performance has been confirmed with 1D PhC slotted cavities with a trapping of 20 nm polystyrene particles, as shown in Figure 9a . The optical energy remains strongly confined in the narrow slot, so making the device very suitable for biosensing applications with a high refractive index sensitivity of 439 nm/RIU. 121 A clear ''jump'' in cavity resonance transmission has been observed when a nanoparticle approaches the cavity, possibly due to the effect of the gradient force that pulls such beads. However, the strong Brownian motion due to the very small size of the nanoparticle prevents a long trapping time, and changes in the resonance transmission for only a few seconds have been observed with beads 30 nm (Figure 9a) .
Recently, Liang and Quan 118 have also proposed the first air-mode photonic crystal nanobeam cavity at a telecommunication wavelength (Figure 9b ). The biggest advantage of this cavity is the ultra-high Q/V of 10 7 (l/n) À3 ), due to high Q-factor values (>10 5 ) and a very small mode volume (10 À2 (l/n) 3 ), even lower than those obtained with slotted configurations. The high energy confinement in the air 
Plasmonic Resonators
Plasmonic nanostructures have recently entered the scene and have been used to manipulate particles at the nanoscale, due to their ability to overcome the diffraction limit of dielectric configurations. They can reach strong subwavelength energy confinement with a high optical gradient at the interface between metal and dielectric layers, 122 which makes them suitable for applications in optical communications, 123, 124 optical imaging, 125 energy harvesting, 126 nanoelectronics 127, 128 and, particularly, sensing and optical trapping for applications in biology, chemistry, and medicine with single molecule resolution. [129] [130] [131] The strong optical gradient provides high optical forces with low values of input power. On the other hand, the higher absorption of plasmonic nanostructures gives rise to thermal effects that somewhat compensate for the stronger trapping forces. 132 Plasmonic cavities used as optical tweezers are typically called ''plasmonic tweezers''. Several plasmonic tweezers have already been demonstrated. The simplest plasmonic cavity configuration is the monopole, which consists of a single metal nanoparticle able to confine the electromagnetic field at the surfaces at resonance. 133 However, a remarkable improvement of trapping efficiency in the subwavelength region has been demonstrated with plasmonic nanoantennas, realized by two identical metallic structures separated by a nanoscale dielectric gap. 134 This configuration provides a strong light spot within the narrow gap on resonance, at least two orders of magnitude stronger than values obtained with a monopole, corresponding to high optical gradients in very small volumes. 135 Other nanoantenna patterns have already been introduced, such as dimers, and dipole and bowtie structures. 136 Plasmonic dimers consist of a pair of metal nanoparticles, with a circular or elliptical shape, and separated by a narrow dielectric gap. 60, 137 The advantage of such a cavity is the ease of manufacture and control over the gap width due to the mature technology for manufacturing nanostructures, which improves the accuracy and device reliability due to a strong energy confinement inside the nanoscale gap. Very low values of mode volume, up to V < 10 À3 (l/n) À3 , have been obtained. A stable trapping condition for living matter at the nanoscale has been verified. Galloway et al. 138 have proposed a gold dimer with a narrow gap of 20 nm (Figure 10a ), which is able to stably trap the Bovine Serum Albumin (BSA) protein without photodamage and also to activate the interaction between biotin and streptavidincoated gold colloids, which are simultaneously trapped in the nanoantenna gap with an input power of only 0.5 mW and negligible thermal heating. Even if protein immobilization is allowed by the molecular binding, this effect is based on light-assisted molecular immobilization. In fact, the use of plasmonic cavities allows the realizing of strong energy confinement in volumes at the nanoscale, exactly in the dimers' gap. It is clear that the optical near field governs the protein immobilization because the streptavidin-coated gold colloids are attracted by the hot spots with a strong energy confinement in the nanoantenna gap and interact with the cavities, demonstrating that the protein binding is triggered by the enhanced plasmonic fields. Dipole nanoantennas are realized using two metal arms separated by a narrow gap as for dimers, and their typical rectangular shape with sharp corners provides strong energy confinement. Their size strongly affects the spectral response, because changes of the arm length and gap width define the resonance behavior. Trapping of metal nanoparticles of a few nanometers 134 and dielectric particles smaller than 100 nm has been verified. 7 Moreover, stable trapping of living matter, such as E. coli, has been obtained for several hours with a dipole nanoantenna by Righini et al. 9 with an input power of 300 mW (Figure 10b ), corresponding to an optical intensity of 10 9 W/m 2 around the plasmonic cavity, which is almost an order of magnitude lower than the damage threshold of bacteria. 139 An increasing interest in related bowtie nanoantennas has been observed. The bowtie consists of two symmetric triangular metal structures separated by a narrow gap. Theoretical studies have demonstrated that bowtie structures have a higher sensitivity than dipole nanoantennas. 140 In fact, even if the latter provides stronger energy peaks than the bowtie configuration, they are also characterized by multiple optical traps at the external side of the metal arms, while light in the bowtie is tightly focused in a single spot inside the gap. This represents a strong advantage, because the position of the optical trap is well defined, resulting in a strong restoring force. 141 Bowtie nanoantennas (Figure 11a ) have also demonstrated the stacking and sorting of dielectric nanoparticles with P in < 1 mW in addition to trapping, 142, 143 and even higher performance has been obtained by using pillar-supported nanoantennas (p-BNA) (Figure 11b) , 144 due to a stronger energy confinement with a ultra-high sensitivity of up to 1763 nm/RIU, which is two times higher than the performance obtained by using simple bowties. This high performance allows the manipulation of living matter at the single molecule level.
High values of optical forces and long trapping times have also been achieved by using nanoapertures in a metal film. 145 A laser beam focused into the nanoaperture provides a tight energy confinement below the diffraction limit with high values of optical intensity within the trap. This perturbation of the local electromagnetic energy distribution strongly affects the motion of particles around the nanoaperture, thereby enabling trapping at the nanoscale. The trapped particle has itself a strong influence on the local electromagnetic field with an active role in the trapping action. This effect is called self-induced back-action (SIBA) optical trapping and enhances the trapping efficiency with a strong localization of single particles. 146 Unlike the plasmonic tweezers based on high-quality resonator configurations, nanoapertures provide stable optical traps even if they are not sensitive to wavelength. This insensitivity to wavelength translates into lower sensitivity to thermal effects (a temperature increase <1 K is typically observed with nanoparticle trapping). 147 The presence of the bead in the nanoaperture, which has a larger refractive index than water, allows an increase of optical transmission, therefore the optical characterization of trapped objects can be realized by monitoring changes in optical transmission.
Several configurations of plasmonic tweezers based on nanoapertures have already been shown in the literature, such as single nanoholes, 148 rectangular slits, 149 coaxial apertures, 150 and double nanoholes (DNH) 151, 152 (Figure  12 ).
One of these plasmonic tweezers with a circular nanohole has already achieved trapping of a single DNA molecule for about 40 s (Figure 12a ), 148 which is a remarkable achievement.
The minimum size of particles that can be stably trapped in the aperture is strongly dependent on the size of the nanohole (typical diameter D > 300 nm, which cannot be further reduced due to limits in fabrication and optical characterization). Double nanoholes (DNH) overcome this limitation, because they behave differently from conventional plasmonic tweezers. 153 Double nanoholes consist of two circular nanoholes close to each other, thus forming two cusps in the middle with an ultra-thin gap between them (<30 nm), as shown in Figure 12d . This configuration enables an extreme energy confinement between the cusps, so DNH is able to trap nanoparticles smaller than the gap. Therefore, DNH are suitable for trapping at the single molecule level with high spatial confinement and a long trapping time. In particular, Pang et al. 151, 152 realized trapping of a single BSA protein ($3 nm) and 12 nm silica beads with a signal-to-noise ratio (SNR) >30 with a trapping time longer than 80 s. Zehtabi-Oskuie et al. 154 verified the trapping of streptavidin with an optical intensity of 10 9 W/m 2 . Moreover, such devices have also been used to study binding between DNA and protein, 155 protein-antibody co-trapping, 156 and protein unzipping, 147 thus allowing biological and chemical analysis at the single particle level without tethering or labels.
However, the values of trapping stiffness obtained with nanoholes (k ¼ 0.2 pN/nm W) 64 are lower than the performance of plasmonic nanoantennas, due to the absence of a resonant behavior, which makes more difficult the attraction of the target object close to the trapping site. Higher values of input power of several milliwatts should be applied to enhance the trapping stiffness, because k increases linearly with the power of the laser, but at the expense of thermal effects that would affect the Brownian motion of the nanoparticles around the nanohole.
Recently, DNH plasmonic nanotweezers fabricated at the tip of a tapered optical fiber have been demonstrated, as shown in Figure 13 , allowing trapping of nanoparticles for several minutes with low optical power (P in $ 700 mW), together with the ability of moving them over tens of micrometers, thereby achieving extreme control over the 3D manipulation of objects at the nanoscale. 157, 158 
Hybrid Photonic/Plasmonic Cavities
Hybrid resonant configurations are increasingly attracting interest. Hybrid configurations are based on the integration of dielectric and metal structures in the same device, aiming at realizing high-performance resonant cavities. Photonic/ plasmonic hybrid configurations exploit the advantages and peculiarities of dielectric devices, such as low loss propagation and high quality factor resonant cavities, combined with the strong spatial confinement typical of plasmonic structures, 98, 159 which results in strong light-matter interaction and strong energy confinement in very small sub-wavelength regions. The hybrid configuration therefore achieves similar confinement as pure plasmonic structures, but with lower losses. 160 Hybrid devices have been proposed for several applications, such as optical communications, 161, 162 optical information storage 163 and, in particular, for molecular sensing, 164 optical trapping, detection, and manipulation. 165, 166 Some of these hybrid devices are illustrated in Figure 14 .
Whispering-gallery mode (WGM) cavities with hybrid configurations enhance biosensor performance, due to the stronger light-matter interaction. For example, very small metal nanoparticles have been assembled to dielectric WGM cavities by light forces effects, in order to create hotspots with extreme sub-wavelength confinement. 166, 167 The metal nanoparticles allow the trapping of small beads down to the single molecule level. In particular, nanoshell gold microspheres with a bump on the surface are directly bound to the WGM cavity surface in Dantham et al., 167 due to the gradient force that draws them to the equator of the resonant cavity, as shown in Figure 15 . The nanoshell is able to attract a BSA protein and a single thyroid cancer marker (Tg) with masses of 0.11 ag and 1 ag, respectively, and their stable trapping onto the WGM surface is given by the proper salt concentration in the surrounding medium, aiming at increasing the conductivity of the solution, and so decreasing the effects of the repulsive force for particles at the nanoscale. This effect of optical forces is typically called the ''carousel trap,'' for which attractive optical gradient forces remarkably enhance transport of the target object to be detected to the sensing region, overcoming limitations given by the diffusion of such a small detecting area. An improvement of the limit of detection of several orders of magnitude with respect to other biosensors has been verified. The high value of the Q-factor of the WGM cavity and the strong energy localization at the nanoshell afford stronger interaction between the hybrid cavity and a single molecule. A shift of the resonance wavelength of about 10 fM has been obtained with the trapping of a single BSA protein and Tg marker, which confirms an enhancement of the resonance shift of 240% and 1500% for each trapping event for Tg and BSA, respectively, with the presence of the nanoshell with the bump on the silica microsphere.
By integrating a single-wall carbon nanotube (SWCNT), which exhibits plasmonic behavior onto a silicon waveguide, strong localization of light has been demonstrated in the region where the carbon nanotube is absorbed, i.e., several orders of magnitude stronger than the evanescent field of the simple waveguide 168 (Figure 16 ). This localization corresponds to a higher trapping efficiency, and it enables the trapping of 500 nm polystyrene particles, and potentially the trapping of particles down to 10 nm, which is not possible with a simple dielectric waveguide. Configurations based on the integration of plasmonic resonant cavities with dielectric waveguides and cavities have also been proposed [169] [170] [171] [172] (Figure 17 ). In particular, Conteduca et al. 172 suggest that a strong enhancement of the light-matter interaction can be obtained by using a hybrid cavity with a plasmonic bowtie placed on a 1D PhC cavity, as shown in Figure 18 , thus exploiting the high Q-factor of the photonic crystal in combination with high on-resonance transmission (T > 30%). This high transmission efficiency represents a fundamental advantage of the hybrid configuration over a purely plasmonic one.
By matching the resonance wavelengths of the photonic crystal cavity and the bowtie, the coupling efficiency between the two resonators can be maximized, which leads to such exceptionally high transmission values.
Based on the strong confinement provided by the bowtie, combined with the large amount of light coupled 1 mW) is expected. The ability to achieve such high performance for a low input power is a key advantage of the hybrid configuration, and the device should be able to support single protein trapping in a very controllable fashion.
A comparison of the performance obtained with different types of integrated nanotweezers is shown in Table 1 . The values of optical stability and optical stiffness are used to evaluate the trapping efficiency, which affects the trapping time and the minimum size of the target object to be trapped. In order to obtain a consistent comparison between dielectric, plasmonic, and hybrid nanotweezers, we use a stable trapping condition (optical stability S around 10 or higher) as the necessary requirement for including devices in the table. This condition corresponds to a long trapping time with a release of the trapped object when the light source is turned off, so allowing efficient target detection and analysis. Examining Table 1 , we note that trapping of biological matter (i.e., E. coli bacteria) and dielectric nanoparticles smaller than 300 nm is already possible with dielectric resonant cavities, even with very low power values (P in 1 mW).
However, in order to trap much smaller metal and dielectric beads in a stable manner, down to 10 nm, one needs dielectric and plasmonic tweezers, as shown in Table 1 . The low optical power values available with these cavities provide a good way to minimize photodamage and other thermal effects such as the corresponding Brownian motion of the target objects around the trapping sites. Hybrid and plasmonic configurations have demonstrated a stronger optical gradient than dielectric resonant cavities, which corresponds to higher values of optical stiffness and optical forces. Stable trapping condition (S ! 10) of 10 nm beads or smaller has been demonstrated with hybrid and plasmonic tweezers with sub-milliwatt power values. A similar performance has been achieved with plasmonic nanoholes, even though they do not require resonant behavior, but with lower stiffness, unlike optical nanoantennas that provide higher values of optical stability and a long trapping time of several minutes.
Experimental 167 and simulated results 172 have demonstrated that the hybrid cavity can represent the best compromise between dielectric and plasmonic nanotweezers. In fact, high values of optical stability and trapping stiffness have been obtained, stronger than dielectric configurations and comparable to plasmonic one, so providing a long trapping time together with a low value of input power and lower thermal effects, which allow high trapping efficiency due to weaker Brownian motion of particles at the nanoscale.
These performances confirm the suitability of integrated nanotweezers in several applications for the detection and analysis of biological matter at the single molecule level.
Discussion and Conclusion
Optically based trapping techniques have received a lot of interest in recent years due to their ability to detect and manipulate objects and biological matter at the micro-and nanoscale.
In this review, we have described the main trapping techniques, such as dielectrophoresis and acoustic, magnetic, and hydrodynamic traps, and we have tried to provide a balanced view of the advantages and drawbacks in terms of their trapping performance. Optically based techniques have demonstrated high efficiency and very stable trapping conditions over a long trapping time, as well as low power consumption, making it possible to manipulate nanoparticles down to single molecules.
Methods and algorithms used to describe the behavior of optical forces have been described for different trapping regimes as a function of the size and physical properties of target particles. Moreover, a description of the main performance parameters of optical nanotweezers, such as stability, optical stiffness, and trapping time has also been discussed.
Following an analysis of the theoretical background of optical forces, a detailed description of the evolution of optical tweezers has been reported, with a focus on the performance and potential applications of the state-of-theart. In particular, the advantages obtained by integrated optical devices and resonant cavities, in terms of maximum values of optical forces and stability, have been described. Integrated optical devices have been shown to provide higher stability for trapping metal nanobeads and dielectric particles of a few microns, in comparison with free-space optical tweezers. Remarkable advantages have been obtained by using optical resonant cavities, due to their stronger light-matter interaction, with micro-ring resonators and, particularly, photonic crystal dielectric cavities, which enable the trapping of metal and nanoparticle of a few nanometers with optical power P in as low as 1 mW and with high sensitivity down to 1 fM if used as biosensors. 118 Such results confirm the high trapping efficiency, because strong optical forces can be attained, but also show the prevention of the undesired effects of thermal enhancement due to low values of input power.
Plasmonic nanotweezers have been shown to provide higher values of optical stability, because they exhibit stronger optical gradients than the performance obtained with dielectric configurations. Amongst the resonant plasmonic nanostructures, bowtie nanoantennas have the highest sensitivity and efficiency, thereby allowing trapping and sorting of dielectric particles down to a few nanometers with submilliwatt optical power. 138 The requirement for low optical power is necessary to provide stable optical traps, because the key issue of plasmonic nanotweezers is their thermal heating due to their intrinsic absorption loss. Furthermore, an advantage of plasmonic nanotweezers is the availability of monitoring techniques such as SERS, which allows sensitive monitoring of the proximity of the particle to the metal surface. 136 High trapping efficiency has been also verified by using metal nanoholes, which enable trapping at a single molecule level, or of short DNA sections with very low input power, but lower values of trapping stiffness have been obtained in comparison with the performance of resonant nanoantennas. Higher power values are required to increase trapping efficiency, but cause possible undesired thermal effects.
Unfortunately, such thermal effects and optical losses are more evident in plasmonic structures. Fortunately, hybrid cavities are available that can overcome the limits of both the dielectric and plasmonic configurations. In fact, lower optical losses and thermal effects are observed with hybrid nanotweezers, while their high trapping efficiency is not compromised. Such performance enables the trapping of dielectric nanoparticles smaller than 10 nm with high optical stability, which, as a bonus, can be detected easily due to the strong light scattering effects typical of metal configurations. 168 The performance reached by state-of-the-art optical nanotweezers highlight the advantage of optically based techniques compared to other trapping approaches, and make integrated optical nanotweezers a suitable tool for several applications in medicine, biology, and chemistry. In fact, the future prospects of these devices are mainly related to completing our knowledge about the reactions and binding effects between single proteins and DNA sections, providing information about the progress of disease at an early stage. Furthermore, the detection of viruses, small bacteria, and virions provides information about the possible triggers activating disease or infections, which is of interest in several areas of clinical science, such as genetics, proteomics, and oncology. In fact, besides their high efficiency and resolution, optical nanotweezers also enable the trapping of single particles at the nanoscale with high stability, low optical power, and without direct contact with the target object.
